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Highlights and eTOC Blurb

Average cost to charge a battery &ncluding equipmentin the U.S. is $0.15/kWh
Overal5yearlife, EVs cansavethousand®f USDin fuel costs compared tgasoline
Costs varywidely dependingon location use,charging behavigiand equipment cost
Off -peak chaging with residential time of useates reduceshe averagecostby 24%
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The cost to charge an electric vehicle varies depending on the price of electricity at different charging sites
(home, workplace, public), by regiondtimeof-day,vehicle useand for different charging power levels

and equipment/installation cosWe reportstatelevel charging costunder alternative scenarios, showing
major variability due to regional heterogeneity atifferent charging strategies. We alsalculatethe

lifetime fuel cost savingef anelectric vehicle compared to a gasoline vehidhde accouning for regional

gasoline price variation
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The levelized cog of charging indudes cogs assodated with the purchase and ingtalation of
charging equipment and real-world retail electicity prices The lif etime fuel cog savings uses the
levelized cog of charging to egimate the total fud cog savings over a 15-year time haizon for a
new (2019 elecric vehicle compared to a conventiond gasoline vehicle for a se of driving and
econonic conditions'.

* Lif etime fud cost savings shown here assumes: 161,729 lif etime VMT, fud prices in linewith 2019 EIA AEO
Reference case, and adiscount rate of 3.5%.

Lifetime Fuel Cost Savings (2019 U.S. Dollars)
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Context & Scale

Costis amajor driver of vehicle adoptioand while nuch emphasis has been placed on the high purchase
price associated witklectric vehiclesgVs), it is important to also consider operating costs, including fuel.
The cost to chargeneEV varies depending othe price of electricity at different chargingites (home,
workplace, public)yvehicle usepy regionand timeof-day, andfor differentcharging power leveland
equipment/installation cost®espite this, most studies assua®wnge costfor EV charging This paper
provides a detailed assessment of th@rentlevelized cost of chargin@-COC) in the United States
consideringvhen, where, and holgVs are charged’heLCOC includesostsassociated witthe purchase

and installation othargingequipmentandretail electricity prices derived fromrealworld utility tariffs.

To contextualizehe LCOC, we estimatdifetime fuel cost savinggsomparingrefuelingcostsfor EVsto
conventionabasolinevehicles over a 15yeartime horizon
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Summary

The costo chargeanelectric vehicle (EVYyariesdepending othepriceof electricityat different charging
sites (home, workplace, publid)y regionand timeof-day, and for different charging power levedsd
equipment/installation costEhis paper providea detailed assessment of therent (2019)evelized cost
of light-duty EV chargingin the United Stategonsideringhe purchase and installati@mostsof charging
equipment anelectricity pricefromreakworld utility tariffs. We find nationalaverage of $0.15kWh for
battery EVs and $04kWh for plugin hybrid EVsin the U.S. Costs howeveryary considerablye.g,
$0.08/kWh to $0.27/kWh for battery EV3 for different charging behavier and equipment costs
correspondingo a total projecteduel costsavingsbetween$3,000 and $0,500 compared to gasoline
vehicles (over a Iyear time horizon)Regionalheterogeneitieand uncertainty on lifetime vehicle use
and future fuel priceproduceevengreatewvariatiors.
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Introduction

Electric vehicles (EVsare increasingly becomiraccepted alternatigdo light-duty internal combustion
enginevehicles(ICEVs) due to theidack of tailpipe emissions, low operat costs, and positive overall
driving experience. Supported by national &rcal regulations, technology advancements (particularly the
decline in the cost of lithiurion battery packgl][2]), charging infrastructure investments, and increased
consumer acceptance, worldwigilenualsales of personallgwned lightduty EVssumpassed the 2nillion
mark in 2018, with over 360,000 nd&¥/s sold in 2018 irthe United StategU.S.)alone[3][4].

While the rise in EV sales supported by several factors, cost has been shovire td significant
importancedor thelarge-scaleadoption of new vehicle technologi&d 6]. Much emphasis has been placed
on the highpurchase pricassociated with EV ownershj@][ 8]; however it is important to als@onsider
operatingcosts including fuel and maintenance, whaessessinghe total cost ofehicleownership

It is widely believedthat EVs areless expensive tmaintin thanlCEVs, through theeduction of routine
scheduledervicesdecreasdbrake wear (from regenerative brakinandby result ofhavingfewer fluids
and moving parts tmonitor[9]. In 2018, New York Cith s e | e c t r i savedah average of 8%i c | e s
per vehicle on maintenance costs vs. equival€éiVs [10]. The American Automobile Association
(AAA), however estimats a more moderate 18%avingsfrom their studyon operating costgll]. More
reliable lifecycle maintenance data for alternative powertraéme needed to accurately estimate the
economic benefits dEV maintenanceFuel cost savings, on the other haad simple to calculateand
can be substantialhen consideredhroughouta v e h i spareHestricity is fofeen cheaper than
gasoline additionally, EVs havebetterpowertrainefficiencies thatCEVs, consuming less energy per mile
[12]. While gasoline costvary byregion the costof electricityis characterized by more diversaset of
factorsincludingcharginglocation, time, anghower level

The cost tachargean EV (i.e., the EVfifueld cost)dependon many factorsincluding the retaiprice of
electricity, capital cost afharging oelectric vehicle supply equipment (EVSHE)e cost of installation and
maintenancef this equipment and for dedicated chargg stations additionalbusiness andperational
expensefl3][14]. Each factor is further dependent on the type of EM&HD AC Level 1 (L1), AC Level
2 (L2), or DC Fast Changg (DCFCO), charging sitd home residenceworkplace,or public station
charging profile andgeographiaegion This complexityproducesa wide range of possible EV charging
costsDespite thismany studiege.g.,[9][15][16][17][18]) assumehe cost of EV charging to eguivalent
to the average residentiabst of electricity(often the pricereported bythe U.S. Energy Information
Administration EIA) [19]) or the average levelized cost of electricity generatj@][21][22]. These
simple assumptios fail to captureimportantvariations inthe cost ofEV chargingassociated with the
factorsdescribed previously

Prior studieshave exploredthe economic®f EV chaging. Zhanget al. [23] assesad the factors that
directly and indirectly influence the economics of charging infrastruatorecluding thatharging price,
as an endogenous factor, should be considered more carefully in mod&lbngmicevaluations of public
charging stations have been conducted in Germizfjyahd China25], thoughthese studies are conducted
from a stati on oatherrhan aoconseieRespediyesnd doinetextend to other
charging sites or regionZhang et al. explora the relationship between charging infrastructure
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characteristiad including thecharging siteand tariff typed and EV operating cost26]. The study,
however, focuston a single region (California) ameas limitedto a smallsetof electricity ratesandL1

or L2 charging Lee and Clark performed a similar assessment of residential, workplace, and public
charging, accounting for the fixed cost of EVSE and the varfaide of electricity in theirestimate$18].

They dd not, however, capture regiordifferencesn electrcity pricesor attempt to model heterogeneous
charging behaviorgzinally, in arecent study from th&nion of Concerned Scientistesidentialutility

rates from the 50 largest U.S. cities were analyzed, finding that in all caséssutifiéred an electricity

rate thatllowedEV ownersto saveon fuel costs compared g@asolinevehicles[27]. The study, however,

only consideedthe cost of chargmat home due tdhelarge cosuncertaintiegssociated with workplace

and public charging.

Overall,while regional variability in the cost of electricity is widely understood and acceptedost to
charge an E\fs also affected by other factorsamelythe cost of charging equipmeamddiffererces in
the mix ofcharging siteshiome, workplace, publj@and power leveldVhile previous studielsaveexplored
some aspectsf the cost to charge an EVnd its variability, his study provide an unprecedented
assessment diie current (2019xtatelevel levelized cost oflight-duty EV charging (LCOC)n the U.S,
derived fromrealworld electricity ratesincluding demand charges and tiofeuse (TOU) tariffs while
also accounting for variations ow and wherd&Vs arecurrently refueledin addition, the lifetime fuel
cost savings (LFCSyas estimated for a new BEV and PHEV (compared to al@&V) over a 15year
time horizonbased orstatelevel gasoline prices aride LCOC.

Methods

EV owners have multiple optiorier rechargingtheir vehcles. They canchargeat home,n a public or
private parking area withnstalledEVSE (e.g, workplaces, grocery stores, shopping malls, tor at a
dedicated public charging statift? or DCFC) Forthis analysis, eackitewasmodeledndependentlyo
capture variations itheir associate@quipmentcosts,installationcosts andretail electricity pricesd the
price paidto purchas electricity fromautility. Costsat eachchargingsite wereweighted bytheir shareof
total energy consumptioh h eharging mix (CM)i to produceacombined.COC valuerepresentative of
theweightedcost of EV chargindor a set ofassumptionsrepresented in Figure The combined LCOC
is defined as:

0606 60 z00606 60 z0606 60 z00606 1)
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Figurel. Approach foestimatingthe levelized cost of chargingCOTfor an electric vehicle by
independently modeling alternativeharging options.

The LCOC at each charging sitedependentn thecapitalcost of EVSE(Ccapital), including the cost to
purchase and install EVSHe cost to operate and maintain EV&key), andthe average retagrice of
electricity (Cel ..
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wherelife is theequipmentifespanin years (assumetd bel5, equivalent tothe assumedehicle lifespari);

Coem,i is theannualmaintenance cost yeari (estimated at 1% of the capital cost of equipment per year)
discounted over the equipmeneblparnusing a discount ratdr (assumed to be 3.5% per ygtre social

rate of time preferenéeeported iN30]); Ejr is thetotal energysuppliedt hr oughout $pane EV SE¢
(in kwh); andCe is the average retail electricity price (in $/kWhat utilities charge their customers

(vehicle owners for residential and station operators for public statiineytimates of futurgetalil

electricity prices are availabléheycan be considered in the LCOC calculation and discounted, $ymilar

to whatwasdonefor Coem,i. This paper, howevereportsa snapshot ahe2019LCOC only:.

In the following sections, the methods used to estimate the L&@@ch charging siteresidential,
workplace/public L2, and DCRE are detaiéd

L All electricity is assumed to have been purchased from a utility provider. Prospects for onsite generation (and

associated costs) or distributed stationary energy storage were not corfsiddriscanalysis.

2We recognizehat there is a currefdck of data on EVSE lifespan$hisis aconservativassumptioras t is

possible thaEVSE will operate well beyond a singleshicled Bfespan,supplying energyor multiple generations

of EVs. Additionally, certaininstallation costgyarticulaty those asociated witthomeelectrical upgradgsnay not

be requiredor futureupgrads toa home EVSE unit

SThe soci al rate of time preference reflects a fireasona
inequality, giving actual savings behavom d est i mat es of future growth rateso
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ResidentiaLCOC

Most EV chargingcurrently takes placeat homewhere ownersantake advantage of low residential
electricitypricesand convenient overnight chargif@i]. For residential charging, the LCOC is calculated
from Eq. @) andEis:

0 i wd"Y zQ 20360 ©)

whereVMTir is 161,729 miles (from the 2017 National Household Tel\Surveyassuming avehicle
lifespanof 15yeais[32]), emiesis the fraction of miles driven in chargepleting mode (1.0 for BEVs, 1B
for PHEVs the utility factorof thevehicle withhighestcumulative sales since 20&0the time of writingp
reportedn the 20B EPA Automotive Trends Repdi33], with an all-electric range db3 mileg), FE is the
vehicle fuel economyin kWh/mile (0.28 based on 11®8IPG, the productiorweighted average fuel
economyof model year 2017 BEVs in the U[33] and assuming 1 gasoline gallon equivatmials33.70
kWh [34]), andCMsis the fraction of chargingccuring at home (0.8ba®d onthecharging behaviors
collected bythe Electric Power Research Instit(EPRI), for 45 BEV owners and 25 PHEV owners from
20162018[35]).

Home charging can be accomplished at a slom24te5 miles of range per ho{i86]) without payingfor
additionalhome upgradeoss by using thestandardL20V L1 householdlug includedwith the vehicle.

Many EV ownersin the U.S, however installa240v L2 EVSEunit atan aded costfor the convenience

of faster chargingtypically 10 to 20+ miles of range per holiB6]) and additional control over how and
when a vehicle is c¢har geciargmg ad, butomagedtart tignts that aligne v e |l s
with off-peakelectricity price¥. L2 chargingis especially common for BEV owners, who rely on home
chargingto meet their dailgriving requirement$35][ 37], however it likely poses a greater burden on the
distribution systemwhencomparedo L1 charging[38]. The cost ofresidentialL2 EVSE equipment and
installation were estimatedat ~$1,800from billing data acquiredfor over 1,200 residential EVSE
installationsin theU.S. (seeA.4 for more dedils).

TheEIA reportstheaverageesidentiaprice of electricity for 2,288 utilities in the).S.[28]. However, EV
ownersmay have theflexibility to scheduleaheir charging to align withimeswhen variableelectricity

prices are at their lowegtypically overnight) For TOUtariffs, chargingduring off-peak times can result

in significantcostsavingg18][27]. Theseopportunities are nagiroperlyaccounted fomE| A6 s ing epor t
of the averagerice of residential electricitypecauséeV ownersstand to benefit more than the average
consumeby taking advantage of TOU ratsisice EV charging is more flexible themanyotherhousehold

loads

To account for the prevalence and potential cost savings to EV owners thaafift¥_provide,current
realworld TOU rateswere data mined from the Utility Rate Database (URDR)eti@rminetheir off-peak
pricing. The URDB providesup-to-date utility tariff information for over3,700 U.S. utilitiesin the

4 Total vehicle miles traveled (VMT) was estimated from the average annual vehicle miles by age (Table 22 in [32]),
applied over a fixed 1§ear vehicle lifespan. Note that vehicle lifespan and utilization byamehicle type€.g.,

pickup truck vs. midsize car), however as an attempt to generalize EVs, these adjustments were not considered.

5 TheChevrolet Volt.Despite GM ending production of the Volt in February 2019, its specifications, used here, are
representative ofrey PHEV with ~50 miles of range.



residential and commerciséctord29]. Tariffs are used to estimate annual average retail electricity prices
reflecting the cost to build, finance, maintain, and operate powerplants and theadlgatti¢for-profit
utilities alsoincludea financial return foits owners and shareholder&). the baseline scenarjdt was
assumd that consumers ould optimize their rate selection and charging behaviors in order to minimize
EV fuel cost fully leveraging off-peak TOU pricingvhenavailable and economicalo model thisthe

El A0 s ariceof resglential electricityfor each utility)was adaptedo incorporateoff-peak TOU
rates where applicabldrom the URDB For the 277 utilities offering TOlthates to customers, the gféak
TOU price was comparadt h e u averdg@esidemdtiabprice of electricity For 235 utilities (85%), the
off-peak TOUprice offeredadditionalcost savings opportunitiels these caseshe lowerTOU pricewas
substitutedor its EIA-reported counterpartatelevel estimates were calculategdweightingthe LCOC

for each utility providing service thereimy their respectivecustomer sharéfrom [28]). Additional
modeling details regarding the LCQ@@lIculationfor residential charging are coveredArL.

WorkplacePublicL2LCOC

Increasinty, more employers and businesses are installing L2 EVSE in their parkingsisasmployee
benefit orto attract new custoensandincreasecustomer dweltime, in hopes ofjenerating nevbusiness
[39]. Similar to residential LCOC, workplace/public L2 LCQ€ calculated witheg. (2). To estimate the
capital cost of equipment and installation, billing datare analyzed forl19 commercialL2 EVSE
installation projects (seé.4 for detils). The median reported cost of equipmen8,$$0/plug) and
installation ($2,500/plug) were us@dthe baseline scenariGiven the variability in cost data, however,
the 8" and 9% percentile cost estimates wetgosenas lower and upper bounds in a sensitivity anatgsis
examinetheir effecs onthe LCOC

The statdevel averaggrice of commercial electricity reported by EIA was assurfeedheretalil
electricity priceof workplace and publi€2 charging[40]. These ratewere not modified toaccount for
the additionatharginginduced electrical loasinceit wasassumedo bemarginalcompared t@xisting
commercialoads.Theworkplacdpublic L2LCOC is computedising Eq. 2), whereO is the lifetime
energy supplied byworkplace ad publicL2 EVSEassuming they are utilized for approximately 4.5
hours per day (equivalent to 30 kWh/day) ovébgear lifespan[41].

DCFC.COC

DCFC stationscan help tocurb firange anxiety and enabé long-distance BEV travel[42][43].

Additionally, DCFC provides rapid recharging opportunitiesB&V owners who cannot reliablsharge

at home.The LCOC for DCFC was calculated usingh e Nat i onal RenewalBVvl e Ener
stationFinancial Analysis Scenario Tool (EFAST). EFAST maaiantof the Hydrogen Financial Analysis

Scenario Tool (H2FASY [44] tailored toDCFC stations, calculating a LCO@lue that accounts for

capital costselectricity pricestaxes,andadditional operating expensdsFAST alsogeneratesletailed

annual finance mjections in the form of income statements, cash flow statements, and balance sheets.

6 The H2FAST tool is publicly availables a downloadable Excel spreadsladet
https://www.nrel.gov/hydrogen/h2fast.html
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Due to their higlpower level§ currently50 to 150 kV per plugis typicab the equipment and installation
costs for DCFCwere much higher than for L2 EVSE. The median cost of equipmgat kW 1
$38,000/plug, 150 kW $90,000/plugfor nearly100 DCFGinstallations through ThEV Projectand Live
Electric(seeA.4 for detaik), informedtheestimategor the baseline scenarimstallation costs were found
to follow atrend of $0.40/W of total installed power, meaning &®0plugwould cost$20,000 to install
and a 15&kW plugwould cost$60,000As with workplaceandpublic L2 EVSE, the Band 95' percentile
cost estimates for DCFC EVSE were used as lower and upper bounds in a sensitivity analysis.

The price of electricity for DCFC variegonsiderablydepending orthe utility tariff (especiallydemand
charges) stationsizétotal capacity, andtilization. For example, Muratomét al. showedthat theprice of
electricity for DCFCrangedrom less than $0.10 to over.$P perkWh, depending on staticstesignand
utilization [13]. To address this variability, treverageelecticity prices for four DCFC station sizeand
usageprofiles (based onscenariosdeveloped in[45] that areillustrative of present and nefrture
operationywereused These scenarios are described in detall. hand in[45]. Theaverage annugrice
of electricitywas determinetbr eachioad profileovermore than 4,008pplicable commerciahtesin the
URDB including seasonal variations, demand charges, tiered pricing structi®ek,and combinations
thereof.Additional modeling details regarding the LCOC estimation for DCFC are couered.

In modeling DCFC station operationantl costsvere not considereddditionally, it wasassumd that
operatorsvould provideelectricityto consumeratabreakeven pricdi.e.,no returnoninvestment) These
decisions were made in response to the high variabilitycad land prices anthe manypossiblebusiness
strategieshat station operatoraightadopt We dg however, explathe impact ohigher installation costs
due torequiredupgrades to the electakdistribution system triggered byigh-power DCFC. Lastly,
subsidiesincentive programsand other methods foreallocaing costs(e.g.,car manufacturers or other
businessesubsidizingEV charging costs to support/attract consumesesie not considered within this
analysisoptingtomeasurée he @At r ue c,oa hecessarily the doskpegencadyby individual
EV owners Table 1 summarizes equipment and installation costs for different types of @gSkning
median values from the range of billing dd&scribed in Ad).

Table 1 Median @pital costsof electricvehicle supply equipment from collected billing data.

Equipment Installation Total Cost
Residential
L1 $0 $0 $0
L2 $550/plug $1,286/plug $1,836/plug
Public
L2 $3,500/plug $2,500/plug $6,000/plug
Public DCFC
50 kW $38,000/plug $20,000/plug $58,000/plug
150 kwW $90,000/plug $60,000/plug $150,000/plug

Scenarios

A baseline scenario was developedstimatethe average LCOC for curreBEV andPHEV owners in
the U.S. Additionally, a sensitivity analysiexamired the effects of certaiselectedactors onthe LCOC.
These scenarios are definedable 2.The darging mix for different charging sites and share of residential
L1 and L2 EVSE for the baseline scenario iferred from chargingdata collectedby EPR| for 23
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ChevroletVolt, 31 Nissan Leaf, and six Tesla vehicles over a year and §36H!lf The PHEV baseline

assumes no DCFC since, at presB@f-Cis notan optiorfor most PHEVsLifetime VMT for the baseline

scenariois the average vehicle milesaveledover 15 yearseported bythe 2017 National Household

Survey [32] 161,729 total milesAdditionally, high VMT (200,000miles) and low VMT (100,000 mile}

cases areonsideredThe residentiallOU factor describes the followirgcenariosin  t he A 100% T Ol
case, all residential elngingis assumed to align witbff-peak TOUpricing (derived from the URDB [29])

for AOpportuni sti c TOUépeak EQUhat isleseexpensiviiant hh eai crc eustsi |tiot
average residentiahte (reported byEIA [28]) use it, while others chargs the average residentialte;

finall vy, under the ABuUsi ne sast haesi rU averagel @sitdeysiddsate a | | E
(reported by EIA28]) and donot leverage TOU pricing-or EVSE costs, the baseliseenario assumes

the medianequipment and installation cost frooollected billing datasee A4). A sensitivity around

residential EVSE cosexplores the impact dfstalling residential L2 EVSH-or commercial EVSE, the

5" and 99 percentilecosts from collected billing dataeeA.4) are usedo boundthe sensitivity analysis.

Moreover the impact of an additional $125,000/pliig excesof capital costsyvas considered fot50-

kW DCFCEVSEto explore theeffectof additional cots related to integrating higtower DCFC into the

existing distribution network.

Table 2. Baselinend sensitivityscenaria.

Factor Lower Bound BEV-Baseline PHEV-Baseline Upper Bound
100% Residential, 81% Residential, 81% Residential, 0% Residential,
Charging Mix 0% Public L2, 14% Public L2, 19% Public L2, 0% Public L2,
0% DCFC 5% DCFC 0% DCFC 100% DCFC

Lifetime VMT 200,000 161,729 161,729 100,000
Residential TOU 100% TOU Opp_lc_y(r)u&mstlc Opp_lc_)(r)tlljmstm Business as Usual
Residential EVSE 100% L1 16% L1, 84% L2 50% L1, 50% L2 100% L2
Workplace/Public L2 5 percentile MedianEVSE MedianEVSE 95" percentileEVSE
EVSE cost EVSEcosts costs costs costs

95" percentileEVSE
costs+ electicity
upgradg($125k per
150-kW plug)

5" percentile MedianEVSE MedianEVSE

DCFC EVSE cost EVSE costs costs costs

LifetimeFuelCost Savings

While vehiclepurchase price is readily accessible and easily interpreted by consumers, fuel cost savings,
involving multiplevariables andnorecomplicated calculations, aoften notconsidered46]. In responsg
theLFCSfor anew(2019)BEV and PHEMwverecalculated The LFCSdescribeshetotal discounted fuel
savings for an EMvhencompared to aimilar conventional vehicle ovea fixed lifespanandidentical
operating condition§.e.,the sameannual miles drivenlt is an aggregateneasure of thdiscountedost
savingsassociated wittmprovedefficiencies andower present day and projectieel costsfor EVs. From

atotal cost of ownershiperspective, the LFC&uld partially offset the purchase price premium paid by

EV owners Additional offsetghat arenot included in the LFC®#cludesavings on maintenance costs, tax
credits, and additional purchase incentiide LFCSis calculatedas

"Values were derivednger the assumption that all L1 charging occurs at home.
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whereLFC is the lifetimefuel cost(in 2019 dollars)lifei s t h e vspdnin yeare(d@ssumdmibé e
15), VMTis theannualvehicle miles travelediom average annual miles per vehicle by vehicle age in the
2017 National Household Travel Sury&p)), FE is the vehiclduel economy(in gallongmile or gallonof
gasolineequivalentmile, deerminedfrom the productiorweighted average fuel economyrobdel year
2017 vehicleseported by EPA33]), Creliis the fuel cosin yeari (in $/kWh or $/gallor{47]), anddr is

the discount rategssumed to b8.5%[30]. Future fuel prices are projected using #mmualrelative cost

i ncrease fr om 2B0199Annua En2rgyDdtloaldBO1E) iRAférenceé caseprojections

for residential electricity and gasolifé8]. For PHEVSs, it was assumed th&% of driving occursin
chargedepleting modgthe utility factorfor the Cheverolet Volvith an allelectric range 063 miles, as
reportedn [33]. Table3 shows the key assumptions useaalculatd . FCS

Table3. Baseline asumptions fotifetime fuel cost saving& FCEcalculation

Vehicle Assumptions ICEV PHEV BEV
e:119
MPG 29 ' 119
¢ g:45
Yo@miles /| Y0Gmiles 0/100 76/24 100/0
Lifetime VMT 161,729 161,729 161,729
Vehicle Lifespan 15 years 15 years 15 years

Additional Assumptions

Starting fromJuly 2019AAA
Gasoline cost gasolineprices $2.7_3/ga_1) ahd )
assuming escalation in line
with AEO19fReference Case
Starting from2019LCOC
and assuming escalation ir
line with AEO19
fiReferencé Case
Discount rae 3.5% 3.5% 3.5%
AEQL9: EIA Annual Energy Outlook 20148]

Electricity cost -

Results

Under the baseline scenario, tharentnationalaverageL,COC in the U.S.is $0.15/kWh for light-duty

BEVs and $0.14/kWh folight-duty PHEVs For BEVS, thisassumes a charging mix of 81% residential,
14%workplace/public L2, and 5% DCF@nd thai84% of residential chargingses.2 EVSE (consistent

with [35]). For PHEVs, this assumes a charging mix of 81% residential and 19% workplace/public L2, and
that 50% of residential charging uses L2 EVSE (also stergi with [35]). These LCOGralues aresimilar

to the average residential cost of electricity reported by (B0A13/kWH [19], though estimates diverge
extensivelywhenadditionalfactorsare consideredn this sectiorwe explore the variability ahe cost of

EV charging and related fuel cost savingsless otherwise specified, all values reported in this section
refer to the baseline BEV scenario from Table 2.
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To assess the psiblevariability inthenationalLCOC, a sensitivity analysisas conductedversix factors
related to charging behaviwehicle useand EVSE costéFigure 2).The dargingmix (i.e., the shareof
charging performedat each charging sielifetime VMT (affecting equipment amortization) the
availability and usage of residential TOU rates, andptiheer levelof residential EVSEL1 vs. L2)all

play a major role in determining the LCOChargingexclusivelyat DCFC stations, for example, increases
the nationalLCOC by 26% ($0.19/kWh). Ubiquitoususe of L1 EVSE athomereduceghe costby 24%
($0.11/kWH. Utilizing low cost, offpeakTOU ratesalsohas a major impact ahe LCOC, rangng from

a 14% reduction($0.13/kWh) in the case wheral residential charging leverages-piak pricing ta 17%
increase $0.17/kWH) in thefbusiness as usuatase Reducing lifetime VMT to 100,000 miles, increases
charging costs by 15% (~$0.17/kWh) assuming residential EVSE costs are amortizedroggtaesi ve hi c | e
lifespan, whilehigher VMT leads to cost reductio(s$0.14/kWh for 200,000 mil¢§ he capital costs of
workplace and publi€VSE (both L2 and DCFMave lessmpacton theLCOC, with effectrangesof -

3% to +8% and~0% to 3%, respectively Thiscan beargely attributed to the comparatiydow shareof
energy consumed hworkplace and DCFC charging (19% of total energy) versus residential charging (81%
of total energy)n the baselinscenario

Eachfactor may alsointeract with the others producinga wide range of possible LCO@lues The

combined effects ahultiplef act or s ar e quant i faiakethke bdttam of Higere 2116 0o mp o u |
the fibest Cc a s aré charged excusivelgt homBvEl L1 EVSE during off-peak TOU

pricing periods This reduces theationalLCOC by 48% ($0.08/kwWH. Converselyi n t he fAwor st
scenario, BE¥are charged exclusively BICFC stationgharacterized biligh EVSE coss and expensive

distribution systenupgradesUnder these conditionghe nationaLCOC increases by %6 ($0.27/kWh)

In both casesashiftin charging mix amplifid the effects obther factors associated with the LC@Che

primary site suggeshg that prioritizing cost reductionf®r the primary charging sitge.g.,residentiain

the baseline scenajimould bethe mostkffectiveway to reducehe LCOCfor current EV owners

National Levelized Cost of Charging (BEV)

$0.05 $0.10 $0.15 $0.20 $0.25
. . 4 || 81% Res 00%
Charging Mix - 122:/ 14% Work 1DC
I
Lifetime VMT - 200k 100k
[
Utility Tariffs: TOU ;
Re{éidential ) only HA
|
Capital Costs: _ 100% 100%
Residential L Banl2| 12
|
Capital Costs: 5th[[s0th || 95th
Work/Public-L2 %-tile || %-tile f| %-tile
Capital Costs: _ 5th 95th
DCFC %-tile %-tile
100% Res
’ 100% DC,
Compounded - o0t L1 95th %-tile CC

$0.08 $0.27
Figure 2.Sensitivity of levelized cost of charging (LG@Q).S battery electric vehicles to charging site mirhicle use utility
tariffs, and equipment costs.
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An additional sensitivity was conductéal consideifree workplaceand public L2charging a scenaridn

which employers and businesspovide freechargingto employees and customers as either an added
berefit or as an incentivéo attractbusinessAssuming no shift in charging mix, this reduces the national
LCOC by14% ($0.13/kWh). However, consumers could change their charging behaviors in response to a
free charging opportunity. Tassess the impact of changes in charging behawerassume that the
availability of free workplace and public L2 chargimgducesa shiftin the charging mix away from
residential chargindf EV ownerdeverage free charging f@% and 50%f theirenergyneedgresulting

in 70% and 45% residential charging, respectivelyile DCFCremains constant &%), the national
LCOCwould drop by 5% ($0.11/kWh) and9% ($0.07/kWh), respectively

The LCOC alsovariessignificantly by state(Figure 3) This can beattributed to variations in theost to
generate and distributdectricity and theavailability of EV-friendly utility tariffs, including residential
TOU and commercial ratewith low demand charge3he LCOC for thebaselineBEV scenario vdes

from $0.10/kWhin Oregonto $0.31/kWhin Hawaiiwith most states in the $@&%kWh to $0.16/kWh range

$0.10/kWh $0.31/kWh

Figure3. Statelevel variability in levelized cost of charging (LCOC) for battery electric vehicles (BEVs) in the baseline scenario

While the LCOC is a keyassumption for arconomic analysis d&Vs, it is not intuitivefor understanihg
the practical impact of the cost of chargingtba total cost oEV ownership The LFCS translates the
LCOC intoa measure difetime costsavings Yersus an equivaleiCEV), providing a useful, thougon-
comprehensivandicatorfor expecteduture savings associated with EV ownersHipe LFCSfor BEVs
in the baseline scenar@eshownfor all statesn Figure 4
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v o $4,571 $12,048
T

Figure 4 Statelevel variability ififetime fuel cost savingd FCBfor battery electric vehicles (BEVS) in the baseline scenario.

Looking atLFCS, ®me statesvith higher gasoline priceslike California($11,653 and Pennsylvania
($8,059, are morefavorable for EVs despitetheir LCOC being higher than the nationalaverage
Conversely stateswith lower gasoline pricegompared to electricitiike Texas $6,382 and Temessee
($6,222 areless favorabldor EVs. The nationahverageLFCS forlight-duty BEVs is $7,758meaning
the average consumer can expect to save nearly $8 @08 costs over a gear period by purchasing a
new 2019 BEMtather thara new ICEV. Fotight-duty PHEVS, the national LFCS i@ry similar($7,317)
This similarityis a result of three main factors:

1 BEV owners arenore likely to install aesidentialL2 EVSE unit (84% of home chargingth L2
compared to 50% for PHEV owners [35]), sacrificing costlierconveniencef faster and more
flexible charging

1 BEV owners get 5% of their electricity from DCFC statidB5], the most expensive of the
modeled charging siteBHEV owners, on the otheahd, are unable to charge with DCFC.

1 For PHEVs witha ~50 milesall-electric range Historically popularin the U.S), most driving
occursusing electricity(utility factor of 76% [33]).Shorter rangHEVSs like the ToyotaPrius
Primewith 25-miles of all-electric range and a utility factaf 53% [33] have a more modest
LFCS of $,545 (national average).

Previously, i was showrhow variations in charginbehaviorandEVSE costdave a significant effect on

the LCOC.It was also shean how geographiaegionaffects the LCOC and LFC&ombined, however,
thesefactorsproducean eve greaterrange ofeconomicoutcomes Figure 5presentghis variationfor

LFCS undethethree charging coscenariosThelow-costs c enar i o represents the it
to charging costsi.g., least expensivehargingsite with low capital costs). The baseline scenario has
alreadybeendescribed in detail and the highost scenari o repregsespedt® t he T
charging costs. Statevel LCOC and LFCS values were calculated for both BEVs and PHEVs for each of

the three charging cost scenaisl are reported in FigueA7 and A8 respectivelyThe range of possible
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LFCS valuesn all states for eacbf the three charging cost scenaians presented in Figure For BEVS

the range of LFCS outcomearies from$14,48i n Wa s h i nopst scandriste$2,49Ww n Hawai i 0s
high-cost scenarigmeaning that in this scenario a BEwnerwould pay $2,4% more infuel coss over a

15year lifespanthananICEV owne). For PHEVSs, the range of possible LF@8ies betwee$12,409in

Washington (lowcost scenarioand$2,38 in Alabama (higkcost scenario)

Lifetime Fuel Cost Savings (2019 U.S. Dollars)

I
|
1
: RI: US WA:

Least Expensive : $6.427 @$10,445 $14,480

Charging Option ! RI: 9.082 WA:

ging Lp 1 6,144 @9, $12,409
| us
|
I
I
|
I
us
. . ! MA: NV:
Typical Charging ! $4,570 $7,758 $12,047
Behaviors & 1 : WA: T -
Equipment Costs ! $4,898 us ’ $10,844
|
|
|
HI: : us IL:
Most Expensive | %2494 : 43,078 $7,517
Charging Option AL: 4,220 NV:
g9ihg &b : $2,368 u.s$ ! $7,411 L1 BEV

I PHEV
I
1

-$2,I500 $0 $2,500 $5,IOOO $7,500 $10,|000 $12:500 $l5,‘000

Figure 5Statelevel variability ififetime fuel cost savinggé FCHor low, baseline, and high charging cost scenarios.

Additionally, there are a humber of key assumptionghe LFCS calculationthat are affected by large
uncertainties especiallyvehicle uage (VMT), economic factors, arfdture fuel price projectionsAn
additional sensitivity analysis reported in Figur® to quantify these uncertaintiesnsideringdifferent
charging behaviors and equipment cosgpiesenteddy the LCOC scenarios), ldtime VMT, fuel price
forecastgconsideringesidential electricity and gasoline price projections fEbin A2019 Annual Energy
Outlook[AEO19 ALowo andfiHigh Oil Priced casesillustrated in Figure A anddiscount rate
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National Lifetime Fuel Cost Savings (BEV)

$0 $2,500 $5,000 $7,500 $10,000 $12,500 $15,000 $17,500
Charge Behaviors Most - Least
&gEquip. Costs Expensive E@ Expensive
Lifetime VMT - 100k 161,729 200k
I
Gasoline Price _ ’EESE‘?; ’;Eglg' ﬁi;?llgi-\
Forecast Price S Price
- . AE019- || AEO19-
Electricity Price _ Low il || High oil
Forecast Price Price
Discount Rate - 7% | [3.5%| 3%
o Lo
Compounded - 019108, AEO19-HOP,
7% DR 3% DR
$555 $16,141

Figure 6 Sensitivity othe national averagdifetime fuel cost savingd.FCS) for battery electric vehiclegh® levelized cost of
charging (lifferentchargng behaviors and equipment costsghicle use gnergy price forecastanddiscount rate.

The LFCS ismost sensitive to differences a@harging behaviors and equipment cos$ite yariations in
LCOC discussed aboyethough it is also largely affected MMT and unsurprisingly,gasoline price
projectiors (projected2034 gasoline pricerange between$2.49 and $3.82/galon, leadng to a +/-28%
change in LFC}¥ Similar to how the charging mix amplifies the effects of certain factors determining the
LCOC, lifetime VMT is a moderating variable for the calculation of LFCS. As VMT increases, tganaia
cost savings due to these other factors are magnifslationin electricity pricesover time is similam

al threeof the EIA scenariogsee Figure A9with projected2034 electricity priceranging betweef.15

and $.16kwh), thusits effect onLFCS is minimalThe LFCS is also sensitive to the chosen discount rate,
with higher rates devaluing future savings and radutFCS, though its effect is comparatively small.
The combined effects of multiple factors are quantifieafinC o m p @ dbardhenational average LFCS

is shown torange fromjust $555in savings over l4years tomore than$16,000depending orthese
assumptions

All thedatagenerated in this analysiacluding theunderlying assumptions, are availafade public
download aiXXX . Assumptionsare alsaeportedn Section A.6 of the Appendix.

Discussion

This study fills a significantesearctgap in the areas of EV charging arwbt of ownershimnalyses by
providinga detailed assessment of thtal costto chargealight-duty EV in the U.S, capturing variations
related tachargingsites equipmentypesand costsandgeographigegions In addition todetermininghe
LCOC for three distinct chargingite residential, workplace/public L2, and DC&G@n averagd.COC
for BEVs and PHEVswas calculatedhat is representative a@urrentcharging patternsA sensitivity
analyss was performedo better understanihe factors that drizthe LCOC and bound the cosf EV
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charging The LCOCwas usedo calculate th& FCS a measure of total fuel savings for operating an EV
compared to an ICEUnderidenticaldriving conditions Finally, a sensitivity analysisf LFCS to varying
assumptions arttheuncertainties regarding futuheel priceswasconductedinding it be primarily affected

by changes ircharging behaviors and equipment costs (i.e., LCOC scenarios), vehicle use, @ndT)
future gasoline prices

Each componenvf the LCOCis subject tochange over timegspeciallyas EV adoptiorcontinues to
increaseand utilities becomenore experiencedvith EV-specificrate designSimilarly, equipment and
installation costs are expected to continue toaalhe market expand$or reference, fron2010to 2019
the typical cost foL.2 charging equipment decreasedn®arly67% [49]). While useful for present day
and near future applications, the LC@Ca snapshot metric thahould be recalculategeriodically to
ensurdt representsurrenteV, EVSE, ancenergymarkets

The LFCS metricprovides a usefudxtrapolatiorof the LCOC that can be used in total cost of ownership
assessments, including those made by consupréss to purchasing a new vehicle. It provides an
indication of the egected lifetimesavingson fuel costainderpresentday conditions ¢urrentelecticity

tariffs and charging patterns). While accounting for projected fuel cost increases (electricity and gasoline)
over thenext15 years, it doesot project fundamental shifis the design and availability of utility tariffs

in response to increased Edoptionor other factorsit also assumes that charging patteires, (vhere

people chargtheir EVS) do not changever time.

In addition toproviding detaileccurrentLCOC and LFCSraluesfor the U.S, this analysidas produced
general insights thaare globally relevantFirst, the cost to charge an EV varies significantly and is
dependent not only on variations in regional electricity prices, but also on the chargingnsitef
charging,power level, infrastructre cost, equipment utilization, and availability of Hiéndly utility

tariffs. While specific values will undoubtedly be different for other countries, the methodology presented
can be applied to determih€OC and LFCSutside the U.SSecond, it is awently more economical for

EV owners to charge at lower power levels, minimizing the cost of EVSE and mitigating demand charges.
For example, an upgrade to L2 EVSE for residential charging mdds than$0.04/kWh to the cost to
charge when levelized ovarl5year perioda 37% increasecompared to use of D1Higher vehicle use

or equipment lifespan can significantly redtitis costMoreover L2 charging is faster and enables greater
flexibility to reshape EV charging loa@sd leverage TOU electricity pricinghird, at present, DCF&

the most expensive charging option for BEVs due to high capital dostsytilization coupled with
commercial tariffs with demand charge components, and additional operating expensesll{esic
for-profit business models). Additionally, DCFC is less flexible than residential or workplace charging,
where vehicles remain pluggedn f or extended periods of time ena
reducs the cost to charge. Resident@&darging, on the other hand, is typically the most-effsictive
option, especially when leveraging-@&ak TOU pricing. Shifting all residential charging topéak TOU
periods reducecharging costs bp6%. Fourth, free workplace and public L2 chaggiare predictably
effective at reducing EV charging co$ts consumersFinally, high allelectric range PHEVs can offer
similar lifetime fuel cost saving$o BEVs (94%). This is largelya result of the high share of drivitigat
useselectricity, the lak of DCFC, and the fact th®HEV owners are, at present, less likely to upgrade
from L1to L2 EVSE at homeShorterall-electricrange PHEVsH.g.,25 miles)provide84% of the fuel

cost savings compared to BEVSs.
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The LCOC and LFCSeported herdand their variability), can inform consumers, decisiamd policy
makers, anderve as inpuor analy®s requiringaccurateEV charging costsGiven their dependence on
underlying assumption&.g.,charging mix) the valueseportedhereinare notintendedto inform any
specifc individual, whose assumptionsill undoubtedly be differentHowever, access to the full set of
LCOC and LFCS values generated in this analysis (publicly availabie<4) enableconsumergo
estimate th& COC and IFCSfor theregior(s) andmix of chargingsitesthat aremost appropriatéor them.
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Supplemental Information
A.1Residential LCOC Calculation

To calculate theetail price of residential electricity, utilifevel residential prices reported by EJ28]
were adaptetb account for offpeak TOU pricing (assuming that EV owners schedule tegidential EV
charging toalign with offpeak times Specifically,the URDB [29] was queriedor utilities offering an
applicable TOU tariff with offpeak pricing thatvasless than its corresponding average prigmrted by
EIA. Forthese cases, the average price of electrigig replacedvith the offpeak TOU price. Only
applicable TOU rate§.e., rates not containg one of the speal-purposephrasedistedin Table Al were
considered.

Table Al. List of phrases usedlisqualifyspecialpurpose residential rates

Administrative housing Heat Thermal
Closed rate Heating Unmetered
Currently closed Low-income Water
Electric heat Low income

Employee Retired employee

Fixed charges, such as monthly meter charges, were omittedhfesrsidential LCOC calculatiosince

it was assumed that increased electricity demand woaleé no effect on these costs. Additionally,
residential rates with demand charge components amitted sinceit would haverequiredaccess to
detailed household load profiles to estimate the cost of charging. This was determindukyorimthe
scope othisanalysis.

Utility -level residential LCOQvascalculatedwith Eqg. (2), assuminghe share fototal energy required to
drive 131,000miles 81%of 161,729 mileén the baseline scenajidtatelevel estimates of the residential
LCOC were calculated using the customeighted average (frofi28]) of theutility-level LCOC. This
entire procedure igresentedn Figure Al.
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[EY Utiity Rate

Filter for current applicable
residential TOU rates

.
l *least expensive off-peak e@

TOU rate

Off-peak price of electricity ($/kWh) <—— — Avg. residential price of electricity ($/kWh)
per utility w/ TOU per utility

Adapted price of electricity ($/kWh)
per utility

customers

State-Lvl (ko
g quipment cos
EIecFrlClty Installation cost
Price Maintenance cost
($/kWh) —
LCOC,.s ($/kWh)

per state

Figure Al. Residentilvelized cost of chargingCOLcalculaion process flow

A2 DCFC Station Profiles

Commercialutility tariffs typically include fixed ($/month), enerfppnsumption($/kwWh), and demand
($/kW) charges thamay vary by consumer typeegion season, timef-use,and energy tier[13].
Calculating the average price of electricity, therefore, requires-ridsmved electricity consumption
profiles to compute albf the associatedoss. In this study, foudistinct DCFC load profilesshown in
Figure A2anddeveloped by Muratori et g45], were usedo explore the variations in current and rear
future DCFC station utilizatiorProfiles consist of the average station load (in kW) ovenitfute intervals
for one full yeay a resolution that aligns withow monthly demand chargese typi@lly computed in the
U.S. Profiles 1 and 2 were derived usirgtworld power profiles from existing DCFC stations, each with
a single 5&kW charger. Profile 1 represents a remotely located charger that is rarely utiliz2dlarges
per day 1.14% utilzation). Profile 2 represents a highly utilized singlelg urbancharge statior{~17
charges per dayL1.72% utilizatiol. Profile 3 represest neaffuture, mediurrsized station with four 150
kW plugs (13.67% utilization) and Profile 4 anotherfuture scenario but much larger, with 20 highly
utilized 150kW plugsdesignedasa figasolinestationequivalend for EV charging(20.70% utilization)
These profiles are availabier download aXXX.
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